Abstract. A finite element model (FEM) of an orthogonal metal-cutting process is used to study the influence of tool rake angle on the cutting force and tool temperature. The model involves JohnsonCook material model and Coulomb's friction law. A tool rake angle ranging from 0° to 20° and a cutting speed ranging from 300 to 600 m/min were considered in this simulation. The results of this simulation work are consistent optimum tool rake angle for high speed machining (HSM) of AISI 1045 medium carbon steel. It was observed that there was a suitable rake angle between 10° and 18° for cutting speeds of 300 and 433 m/min where cutting force and temperature were lowest. However, there was not optimum rake angle for cutting speeds of 550 and 600 m/min. This paper can contribute in optimization of cutting tool for metal cutting process.
Introduction
As high speed machining has been one of the modern technologies which in comparison with traditional machining can produce parts with the best accuracy, efficiency and quality at lower manufacturing and production costs, as well as can lead to a significant reduction in the machining time. In addition, HSM has many advantages such as leading to excellent dimensional accuracy, improve the quality of surface finishing and remove the difficult-to-machine materials with high hardness. Recently, High speed machining technology has been widely used in many industrial fields such as automotive, aeronautics, die/mold making and light industry, etc [1, 2] .
HSM processes lead to higher tool/chip interface temperatures due to this heat transfer increases the temperature of the machined surface. In research area of HSM, the prediction of cutting temperature and cutting force are the most difficult and hot topics. Additionally, heat generated between chip and tool has an undesirable impact on the wear mechanisms, the quality of finished surface and tool life [3, 4] .These negative effects can be controlled by choosing a suitable cutting tool. A cutting tool with proper rake angle produces lower cutting force and heat generated between tool/chip [5] . Cutting forces are mainly affected by cutting speed, tool wear factor, too material factor, friction coefficient and rake angle [6] , while temperature distribution in cutting zone depends to cutting speed, feed rate, depth of cut and tool nose radius [7] . However, it is essential to investigate and to predict temperature distribution and the effect of tool rake angle on the tool temperature [8] and cutting force [9] .
In this paper, a finite element method, based on Johnson-cook material model and fracture criterion has been applied to simulate and estimate the values of process variable which are very difficult to measure by experiment. ABAQUS software is a FE analysis program that can be handled for variety of non-linear problems and used for complicated contact conditions in metal cutting. The investigation of this simulation is to address the effects of tool rake angle on the cutting temperature and cutting force were accurately predicted during dry high speed machining of AISI 1045 steel which have well known chemical, physical and machinability properties. Although, there have been many studies concerning the effect of rake angle on tool temperature and cutting force [8, 9, 10, 11] , the noteworthy contribution of this study can give a better understanding and recognition of cutting tool design for metal cutting process.
Finite Element Method Workpiece Material Constitutive Model
For the accurate and realistic prediction of the tool temperature and cutting force, a Johnson-cook model was used. This model is a strain rate and temperature dependent [12, 13] the thermal viscoplastic behaviour of the workpiece model which describes the relationship of stress, temperature, strain and strain rate fields. This particular plasticity model is suitable for problems where the temperature changes dramatically due to plastic deformation and where at high strain rates (102s−1 to 106s−1) which typically occur in metal cutting. Thus, the fully coupled thermo-mechanical analysis was applied. This thermo-mechanical model uses a constitutive equation, the Johnson-cook law, which can be presented by the following Eq. 1:
In the above equation, the first parenthesis is elastic-plastic term and it indicates strain hardening. The next one is viscosity term and it represents that flow stress of material increases when workpiece material is exposed to high strain rates. Finally, the third or last one is temperature softening term. is the true stress, the parameters A, B, C, n and m are material constants that are found by material tests. In this model, A is initial yield stress (MPa), B is the hardening module, C is the strain rate dependency coefficient (MPa), n is work-hardening exponent, and m is the thermal softening coefficient. In definition of temperature softening term, T is temperature of material, is room temperature or reference and also is melting temperature of a given material. A ε represent the true strain, is the strain rate and normalized with reference strain rate . Table 1 shows the Johnson-Cook parameter values used for deformation behavior of AISI 1045 steel.
Table1. Johnson-Cook model constant for AISI 1045 steel [13] . The material constants for Johnson-Cook model are identified through high strain rate deformation tests using split Hopkinson's bar. Moreover, at an extremely high speed cutting, the material deformations occur within the primary shear zone where strain rates vary over large ranges. Therefore, Johnson-Cook model is used to predict the tool temperature and cutting force during high speed machining.
Chip Fracture Criterion
In order to simulate the appearance of chip separation from workpiece, a Johnson-cook failure model [14, 15] was used in ABAQUS/Explicit software which is most suitable for high strain-rate deformation. This fracture damage model is basically on increment of equivalent plastic strain at element integration points. The Johnson-Cook dynamic failure is allowed to occur when the fracture damage criteria D exceed 1 and the concerned element are removed from computation. However,
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this is a physical criterion. The damage parameter was calculated for each element and is defined in Eq. 2:
where∆ ̅ is the increment of equivalent plastic strain, and ̅ is strain at fracture, under current conditions. According to Johnson-Cook damage law, the cumulative Strain∆ ̅ is updated at every analysis increment and the general expression for the strain at fracture criteria ̅ is assumed to be separable and given as Eq. 3:
whereD 1 -D 5 are failure parameters, the dimensionless pressure-deviatory stress ratio p/q, (where p is the pressure stress and q is the Von Mises stress). The damage conctant of AISI 1045 standared steel are presented in Table 2 when the Johnson-cook dynamic failur model was used. 
Friction Characteristics Between Tool and Chip
In this paper, sticking and sliding friction modeling [15] were applied between the chip and the tool rake face and used Coulomb Law to find temperature distribution along tool-chip distribution. This model is defined in Eq. 4:
where S is frictional stress along the tool/chip interface, u is the friction coefficient; p is normal stress on the tool and is the limited shear stress of the material.
In this case, a surface contact model between chip and tool is simulated. The friction coefficients of sticking and sliding area are 1 and 0.27 respectively. These friction modeling have been used in previous publications [14, 16] .
Workpiece Material and Cutting Tool
AISI 1045 medium carbon steel was selected for present investigation because of their well characterized and has been the focus of many recent modeling studies [17, 18, 19] . In this simulation work, the Carbide cutting tool was modeled as an elastic material where workpiece material was defined as elasto-plastic material. Table 3 shows the mechanical and physical properties of cutting tool and workpiece.
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Finite Element Modeling of High Speed Cutting
The tool and the workpiece model were discretized using 4-node bilinear displacement and temperature (CPE4RT) elements with reduce integration. In order to obtain more accurate at original stage of FE simulation, an adaptive meshing was used for both the tool and the workpiece with highest mesh density window at the tool cutting edge and in the interface zone. The 2D finite element model of orthogonal cutting is shown in Fig 1. The FE of the tool was modeled using 1288 nodes and 1360 elements and the mesh division of the workpiece performed into 3538 nodes and 3391 elements when tool holder simulated with 10° rake angle and 5° clearance angle. The summaries of cutting parameters used are shown in Table 4 . The simulation of metal cutting was carried out on AISI 1045 steel.
Fig1. 2D FEM building of metal cutting.
Simulation conditions and Cutting parameters are as follow: rake angle between 0°-20°, clearance angle 5°, tool edge radius 0.02 mm, feed rate 0.2 mm/rev, depth of cut 2.5 mm and cutting speed ranging from 300 to 600 m/min.
Results and Discussion
The Effect of Rake Angle on Tool Temperature   Fig 2 shows the temperature distribution at the tool/chip interface for the rake angles of 0°, 10° and 20°. The prediction of temperature distribution is significant in determining maximum cutting speed. Although the prediction of the temperature distribution at the tool-chip interface is rather complex, but results obtained from simulation indicate that temperature in the cutting zone depends appreciably on the tool rake angle and workpice material. As seen in Fig 3 the effect of rake angle on tool temperature is significant, where heat is generated by friction between tool/chip. The temperature along the tool/chip interface increase due to frictional sliding and plastic deformation has an appreciable dependence on the rake angle. For cutting speeds of 300 and 433 am/min the lowest temperature occurred at rake angle between 10° and 18° while temperature remind roughly stable at cutting speed 550 and 600 m/min for all rake angles investigated. It is clear that cutting speed has significant influence on heat generated at tool/chip interface where with increase cutting speed from 433 m/min to 550 m/min, temperature dramatically increase in cutting zone. The results agree well with the equivalent and analogous works [7, 21] . In addition, it is observed that increasing rake angle over its optimum value had a negative effect on tool's performance since excessive rake angle weakens the tool, therefore increase tool temperature. The simulation result agrees with the results of HaciSaglam [8] . The Effect of Rake Angle on Cutting Force   Fig 4 shows the simulation results of cutting force at four cutting speeds. It can be noted that the tool rake angle has significant influence on the cutting force where cutting force decrease with increasing tool rake angle for all cutting speed investigated. For instance, the cutting force decrease considerably from 1200 N at the rake angle of 0° down to 900 N at the rake angle of 14° at cutting speed 433 m/min. Similarity, this dramatic fall was obtained for other simulated cutting speeds. From simulation results, it is clear that maximum temperature reduces at positive rake angle. The reason for the existence of this simulation work is as follows. The contact length between tool/chip interfaces is high at low rake angle. Higher plastic work deformation required when using low rake angle in metal cutting process, therefore it leads to an increase in cutting force. Additionally, cutting tool can plunge into the workpiece easily and chip flows easier on cutting tool. The results agree well with the previous works [9, 14] .However, it is noteworthy that when rake angle increases 14° to 20°, the cutting force has only a slight reduction for all of simulated cutting speeds. 
Conclusion
The aim of present paper was to predict the tool temperature and cutting force during high speed machining of AISI 1045 steel by using finite element method based on ABAQUS software which involves Jonson-cook material model and Coulomb's friction law. It was found that increasing rake angle over its optimum value had a negative effect on tool's performance and accelerates tool wear which leads to an increase in cutting temperature. The cutting force decreased as the tool rake angle increased. It is observed that cutting temperature and cutting force increased as cutting speed increased. However, a good combination among the tool rake angle and cutting speed can generate minimum cutting temperature and cutting force during HSM of medium carbon steel. With the respect to the carbide cutting tool, optimum rake angle can be considered between 10° and 18° as machine is set at cutting speed ranging from 300 to 433 m/min. This capability can be useful in designing cutting tool for metal cutting processes.
